Cultures of 16 coryneform bacteria were grown to late-exponential stage in nutrient media, washed, and starved in 30 mwpotassium phosphate buffer pH 7.0, with no external energy or carbon source. After 4 weeks starvation, 20 to 98 yo of each culture was still viable; after 8 weeks, 5 to 70% of each culture was still viable. Little change in cell shape or size was detected in Arthrobacter globiformis, A . nicotianae, Brevibacterium linens, Corynebacterium fascians, Mycobacterium rhodochrous and Nocardia roseum when studied by electron microscopy for up to 56 d, although there was a gradual disappearance of intracellular material. No resting structures were discernible. All organisms showed an immediate decrease in endogenous respiration to less than 1 of that observed during growth. A low basal level of endogenous metabolism equivalent to 0.01 to 0.03 % of cellular carbon oxidized to C 0 2 h-l was maintained for 56 d. Carbohydrate, intracellular pools, protein, ribonucleic acid and deoxyribonucleic acid were utilized at varying rates by different organisms during this period. All species were effective in maintaining 20 to 70% of their Mg2+ content during a 28 d starvation period in the absence of any external Mg2+. It would appear that the soil coryneform bacteria possess similar survival characteristics in laboratory studies which could explain, in part, their ecological success in natural environments.
INTRODUCTION
There exists in soil a large group of autochthonous bacteria (Conn, 1948; Conn & Dimmick, 1947 ; Winogradsky, 1925) ; these are taxonomically diverse but include pleomorphic bacteria such as Arthrobacter, Brevibacterium, Corynebacterium, Mycobacterium and Nocardia. They are found in most soil types and may constitute 20 to 50%) of the isolatable colonies (Conn, 1948; Gounot, 1967; Lowe & Gray, 1972; Mulder & Antheunisse, 1963; Wiland, 1969) . The coryneform bacteria are thought to be related to the actinomycetes (Jensen, 1966 ) but they do not form spores or other structures which could be considered as environmentally resistant resting structures. Ultrastructural examination of a single organism of this group during extended periods of starvation has shown that no unique internal morphological changes occur (Boylen & Pate, 1973) .
Natural habitats such as the soil environment present many stresses for the microorganisms which inhabit them, among which low nutrient availability is important (Gray, 1976) . When no external nutrient supply is present, vegetative bacteria must use their own reserves to maintain their energy requirements. Many intracellular polymeric materials can be used as catabolic substrates. A review of studies on numerous bacteria grown and starved under a variety of conditions has shown few patterns of utilization and no absolute association between degradation of a specific constituent and viability (Dawes, 1976) . The 324
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free amino acid pool is readily depleted but only to a basal level approximating one-half of the pool size maintained during growth (Boylen & Ensign, 1970b; Burleigh & Dawes, 1967) . Ribonucleic acid and protein are consumed during starvation to varying degrees often related to the substrate on which the organism has been grown (Dawes & Ribbons, 1965; Strange, Wade & Ness, 1963; Thomas & Batt, 1969; Willetts, 1967) . Deoxyribonucleic acid is not a consumable substrate.
Specialized reserve materials impart some survival advantage to the organism since these are degraded preferentially (Sierra & Gibbons, 1962; van Houte & Jansen, 1970) . However, many organisms possessing such reserves are not truly starvation-resistant for long periods of time when compared with the coryneform bacteria (Boylen & Ensign, 1970a; Luscombe & Gray, 1974; Robertson & Batt, 1973 ; Zevenhuizen, 1966) . Nevertheless, the coryneform organisms have been shown to degrade cellular constituents in much the same manner as other organisms. Perhaps more important for longevity is the endogenous metabolic rate which governs the energy demands within the cell as well as the rate of macromolecular degradation (Boylen & Ensign, 1970a; Dawes, 1976) . The lower the rate, the slower the utilization of cytoplasmic materials and, therefore, the longer the life of the cell.
The present study was undertaken to determine (i) if a number of species of coryneform bacteria have similar survival characteristics when cultured and starved under identical laboratory conditions, (ii) if there are similar patterns of polymeric degradation among the several species and (iii) if rates of degradation can be correlated with endogenous metabolism and viability.
METHODS

Bacterial strains.
The organisms used in this study, chosen from a personal stock collection of coryneform bacteria, were selected to include several type species and for their ability to grow well under similar conditions. Growth and starvation conditions. All organisms were cultured in 500 ml batch cultures in nutrient broth (Difco) supplemented with 0.5 yo (w/v) glucose. Bacteria were grown to the late-exponential stage at 30 "C on a gyratory shaker at 175 rev. min-l. Maximum fragmentation to cocci occurred within 15 to 20 h of growth. The bacteria were harvested by centrifuging at 3500 g , washed twice in 30 mwpotassium phosphate buffer pH 7.0 and resuspended in the same buffer to a final cell density of 2 x lo* to 2 x lo9 organisms ml-1, corresponding to a turbidity of 100 to 300 Klett units (Klett-Summerson colorimeter, 660 nm). Cultures were incubated in duplicate during starvation under conditions similar to those used for growth. Evaporation from cultures during extended starvation was compensated for by addition of sterile distilled water. All starvation experiments were run on two or three separaie occasions. Where possible, the data from each separate experiment were normalized for each organism and average values are presented in Figures and Tables. Viability was assessed from colony-forming u n h by plate counts of bacteria diluted in 30 mhl-phosphate buffer pH 7.0 and plated on nutrient agar. Phase micrographs were taken with a Leitz Dialux phase microscope with a Leitz camera attachment and Orthomat automatic exposure meter. Kodak Plus-X pan film (ASA 125) was used for photography. Photomicrographs of large rod morphological forms were taken of slide cultures of the organisms growing on a thin layer of nutrient agar. Those of cocci were taken of bacteria from liquid suspensions immobilized on a thin film of 1 Yo (w/v) Ionagar. For dry-weight measurements, 10 ml culture was centrifuged (3500 g ) and the organisms were resuspended in distilled water. After transfer to preweighed aluminium boats, they were dried at 90 "C to constant weight.
Preparation of bucteriu for electron microscopy. Bacteria were fixed with 1 Yo (w/v) OsO, in veronal-acetate buffer, followed by treatment with 0.5% (w/v) uranyl acetate in the same buffer (Kellenberger, Ryter & Skhaud, 1958) . Samples were dehydrated through a graded series of water/ethanol mixtures, followed by propylene oxide, and embedded in Epon 812 according to the method of Luft (1961) . Thin sections were cut on a Sorvall Porter Blum MT-2 microtome with a diamond knife. Sections were stained with saturated aqueous uranyl acetate followed by lead citrate, as described by Reynolds (1963 Krulwich & Ensign (1969) . Sterile air was passed through a culture vessel containing 3 ml cells. CO, was absorbed by sparging through 3 ml phene+hylamine/methanol (1 : 1 , v/v). Prior to sampling, the volume of fluid in the collection \,essel was adjusted to 3 ml with methanol to compensate for evaporation. Samples (I ml) were added to vials containing 10 ml Scintiverse (Fisher Scientific Co., Fairlawn, New Jersey, U.S.A.) and the radioactivity was determined in a Eeckman model 150 scintillation spectrophotometer. Data are expressed as the percentage of the original label released as 14C0, per hour based on the total amount of label present in the bacteria at the time of harvest. At intervals, samples were removed from shaking suspensions to determine the amount of radioactive material released into the medium. Procedureh for bacterial composition determinations. Samples to be used for analyses of bacterial composition were removed after various periods of starvation and centrifuged as above. The bacteria were resuspended in distilled water and stored fi-ozen. Total carbohydrate was measured by the anthrone reaction as described by Spiro (1966) with glucose as the standard.
Protein was determined by the technique of Lowry et al. (1954) using bovine serum albumin as the standard. Samples were hydrolysed in 1 M-NaOH in a boiling water bath for 20 min and debris was removed by centrifugation (5000 g). The Na,CO, solution was made up in distilled water instead of 0.1 M-NaOH to compensate for the NaOH in the hydrolysate.
Intracellular pools were obtained by immersing bacterial suspensions in boiling water for 10 min and removing the bacteria by centrifugation. Free amino acids in the supernatant were assayed by the fluorodinitrobenzene method as described by Ghuysen, Tipper & Strominger (1966) . Glycine was used as the standard and results are expressed as pg glycine equivalent (mg dry wt)-'.
The concentration of RNA was determined by the method of Kerr & Seraidarian (1945) using yeast RNA as the standard. The procedure of Burton (1956) was used to estimate bacterial DNA concentration using purified salmon sperm DNA as the standard. All determinations are expressed as pg component (mg dry wt)-1.
Determination ~f intracellular Mg". A washed bacterial suspension (1 ml) was centrifuged and resuspended in 250 yl of concentrated HN03. Bacteria were digested in a boiling water bath for 10 min, and then the volume was increased to 4 ml by adding deionized, double-distilled water. Samples were assayed at 210 nm using a Perkin Elmer 290B flame absorption spectrophotometer.
R E S U L T S
Bacterial viability st tr dies Except for A . variabilis, all the organisms studied were originally isolated from air or soil. In nutrient media all exhibited the morphogenesis characteristic of coryneform bacteria. In the stationary phase of growth all organisms were small cocci or short rods. Upon inoculation into growth medium, the bacteria elongated into rods, divided by binary fission as rods until nutrients were depleted, and then fragmented by reductive division forming spheres or short rods. All organisms were allowed to grow until maximum fragmentation to the coccus or short rod form occurred. The survival of several Arthrobacter species in the absence of nutrients is summarized in Table 1 . After 28 d, viability ranged from 17 %) for A. variabilis to 87% for A . atrocyaneus, with a range of 500/, survival times of 18d to 60d, respectively. Percentage viabilities were calculated by comparison with the number of organisms alive at time zero. Culture viability at time zero, as determined by slide microcultures, was greater than 95%.
Six representative species from the five genera were chosen for closer study : A . globformis, A . nicotianae, B. linens, C. fascians, M. rhodochrous and N . roseum. These organisms were chosen because they grew well on the single medium employed and yielded unclumped cultures at the end of the exponential growth phase. The photomicrographs of C. jascians (Fig. l) , which were typical, show the large and small stages before starvation and the small stage after 28 d in buffer. No significant change in shape or size occurred during starvation of each species and the organisms maintained the phase darkness characteristic of vegetative bacteria.
Data for viability, cell mass and culture turbidity of these six species are presented in 3 26 Electron microscopy studies At 0, 2, 4 and 6 weeks, samples of the six organisms were removed from buffer suspensions and sections were prepared for observation by electron microscopy. All the organisms appeared similar at the: time of harvest and for the first 2 weeks of starvation. Ultrastructural changes occurring during this period in A . globiformis are shown in Fig. 3 (a, b) . The internal structural organization in these bacteria during growth appeared to be similar to that seen in other heterotrophic prokaryotic organisms and notably in other arthrobacters (Boylen & Pate, 1973; Stevenson, 1968) . After 2 weeks, cytoplasmic density had decreased noticeably. Ribosomal packets scattered throughout the cytoplasm in growing cells were confined to the periphery of the cell. The nucleoplasm remained centrally located in the cytoplasm but had expanded to occupy a greater volume, although the size of the organisms had not changed.
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Further changes occurring in the organisms between 2 and 6 weeks were minimal (Fig.  3 c to h ). In each, the ribosomal complement had been reduced to a region peripheral to the nuclear material which continued to occupy the centre of the bacterium. Polysaccharide inclusions were not readily apparent in thin sections as have been observed for A . crystallopoietes (Boylen & Pate, 1973) . However, the six species had considerable levels of polysaccharide prior to starvation and these decreased as starvation proceeded (see Table 2 ).
In each organism the wall showed minor differences in thickness between growing and starving organisms. In some areas of the walls, however, distinct changes in thickness could be discerned (Fig. 3 4 f ) . This difference probably arose during cell replication since wall scars were evident which typically are formed during the snapping division peculiar to coryneform bacteria (Krulwich & Pate, 1971 ). An overall thickening of the wall was observed in cross-sections of B. linens, increasing from 21 & 3 nm during growth to 47 & 10.7 nm after 6 weeks starvation (Fig. 3e ). There was a considcrable difference in the degree of thickening between the septum region of the wall (24k7.3 nm) and longitudinal regions (47 k 10.7 nm). The mechanism of wall thickening during starvation and any function thereby imparted to the cell are not known although Duxbury, Gray & Sharples (1977) have shown that there are characteristic differences between the walls of rods, cocci and cystites produced by A . globzjiormis at different growth rates.
Endogenous respiration studies
Freshly harvested late-exponential stage bacteria respired 0.2 to 0.6 yo of their organic carbon h-l as CO,. This decreased to a basal rate of 0.01 to 0.03 yo of total carbon respired h-l within 2 to 4 d of starvation for all six species (Fig. 4) . The single exception was B. linens which was already respiring at its basal rate of 0-030/, of total organic carbon h-l at the time of harvest. For each species the basal rate was maintained for at least 56 d. In tracellular utilization st udies Cultural conditions will influence greatly the amounts of particular macromolecules synthesized within coryneform organisms. Media with a high C : N ratio will cause the organisms to store a higher percentage of their mass as carbohydrate; whereas, media with a low C : N ratio will cause the organisms to produce a greater amount of protein with respect to their mass (Gray, 1976) . Nutritionally unbalanced growth conditions will lead to cystite formation, especially in arthrobacters (Mulder & Antheunisse, 1963) . No cystite formation was observed with any of the organisms cultured in the medium employed in this study.
The data for the depletion of intracellular polysaccharide stores which accumulated in these organisms growing in nutrient broth supplemented with 0.50/;, glucose are given in Table 2 . Arthrobacter globiformis contained the most polysaccharide at the time of harvest and this was most rapidly degraded in the first 14 d starvation. The other five species contained from 40 to 60 : / o of that found in A. globiformis; however, after 56 d all the organisms (except C. fascians) contained similar levels of polysaccharide. After 14 d starvation the rate of decrease of this material was fairly constant for all the organisms studied.
When freshly harvested from growth media, all organisms contained from 32 to 46% of their mass as protein (Fig. 5) . Degradation was most rapid in the first 7 d after the onset of starvation with a gradual or no detectable decrease afterwards. The amino acid pool size during growth ranged from 32 to 45 pg (mg dry wt)-l for five of the organisms; for N . roseum it was 73 pg (mg dry wt)-l. The amino acid pool size decreased quickly during starvation to a constant basal level at 14 to 45 yo of that in the same organism at the time of harvest. Except for C. fascians, there was an immediate increase in DNA of 25 to 5774 of the initial DNA concentrations at the onset of starvation (Fig. 6) . For A. globiformis, A. nicotianae and B. linens there was an immediate decrease in RNA during the first 3 to 5 d starvation. The rate of breakdown thereafter slowed considerably for A . nicotianae and 7  14  21  28  36  42  56  224  168  135  91  70  68  59  52  93  91  88  74  65  59  59  52  90  70  63  59  63  68  54  52  136  131  125  120  112  112  115  108  100  81  65  68  70  59  50  48  128  124  115  106  111  93  88 linens. The overall loss of RNA due to degradation was also less for these organisms, the RNA content after 56 d being 10 to 16% less than at harvest. The release into the buffer of materials absorbing at 260 nm varied with the organism but in each case was proportional to the degradation of RNA. The gradual loss of RNA in these organisms can be directly correlated with the maintenance of intracellular Mg2+ (Table 3 ). All the coryneform bacteria were able to maintain high concentrations of intracellular Mg2+ (based on harvest values) ranging from 18 % for B. linens to 79 yo for A. nicotianae. The organisms were starved in a milieu originally lacking Mg2+.
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DISCUSSION
Many factors including growth medium, growth rate, stage of growth at time of harvest, population density and chemical nature of the starvation milieu affect the survival characteristics of starved bacteria (Dawes, 1976) . Therefore the variations shown in the survival limits for organisms studied in the laboratory will not necessarily correlate with their survival limits in natural environments. Nevertheless, when several species of coryneform bacteria from different genera are grown under similar conditions and starved for extended periods, their survival characteristics are similar. Survival limits of several weeks, expressed as 50 yo survival time, are comparable with those previously shown for related organisms : Arthrobacter sp., 80 d (Zevenhuizen, 1966); A . crystallopoietes, 100 d (Boylen & Ensign, 1970a) ; A . globformis, 56 d (Luscombe & Gray, 1974); and N . corallina, 20 d (Robertson & Batt, 1973) . In our study, 50% survival times ranged from 14 d for A . histidinolovorans to 110d for N . roseum, with a mean time of 54 d for all 16 organisms studied.
Coryneform bacteria from soil and water characteristically show considerable ability to survive starvation compared with other organisms commonly associated with the human body. Survival limits of several hours or a few days have been reported for these latter organisms when removed from a growing culture and starved: Aerobacter aerogenes, 45 h (Strange, Dark & Ness, 1961) ; Escherichia coli, 36 h (Dawes & Ribbons, 1965) ; Pseudomonas aeruginosa, 84 h (Clifton, 1967) ; Salmonella enteritidis, 140 h (Druilhet & Sobek, 1976) ; and Streptococcus lactis, 30 h (Thomas & Batt, 1968) . We conclude from this study that the coryneform bacteria as a group have evolved adaptive mechanisms to natural conditions where low nutrient supplies are common, whereas those bacteria associated with higher organisms, plentiful nutrient supplies, and less intense selective pressures show considerably shortened survival limits.
The loss in viability, culture turbidity and dry weight of all the organisms studied show highly uniform trends (Fig. 1) and can be correlated with the overall rate of degradation of 332
macromolecules in each organism. Loss in dry weight is most closely correlated with the degradation of RNA and protein reflected in the loss of ribosomes as observed in ultra-thin sections. The cytological changes which occur during starvation are similar in all the coryneform bacteria regardless of species or genera ( Fig. 3 ; also Boylen & Pate, 1973) . There are no internal morphological modifications which would explain an enhanced resistance to adverse environmental conditions. Arthrobacter globformis grown in soil and observed in situ by transmission electron microscopy (Labeda, Liu & Casida, 1976) shows a cell morphology similar to laboratory cultures suspended in nutrient-free buffer systems (Fig. 3 b, c) .
The intricate generic and family relationships of the coryneform bacteria (including corynebacteria, arthro bacters, mycobacteria, nocardiae, and others) are currently unsettled (Rogosa et al., 1974) . In recent years, similarities among the members of the various genera have been described in studies on wall chemistry (Cummins, 1962; Fiedler, Schleifer & Kandler, 1973) , serology (Cummins, 1962; Ridell & Norlin, 1973) , phase sensitivity (Jones & Bradley, 1974) , DNA homology (Bradley, 1973) and lipid composition (Gottlieb, 1974; Rogosa et al., 1974) . The common ability to withstand starvation to approximately the same degree and the similarity in the morphological changes occurring during starvation further reflect the taxonomic similarities of these organisms.
The measure of endogenous respiration by the release of 14C02 is an exacting method for determining the rate at which a cell undergoes self-consumption. This approach was used by Boylen & Ensign (1970a) to show that A . crystallopoietes suspended in buffer had a basal consumption rate of 0.03 yo of its original organic carbon metabolized to CO, h-l. Similar tests of six additional coryneform bacteria have now shown that basal rates of 0.01 to 0.03% of the original organic carbon respired h-l are common to all (Fig. 4) . The significance of the similarities in basal rates is not known at present. When the accumulated C 0 2 respired h-l is added to the amount of organic carbon released into the buffer during starvation, the total relates well to the loss in dry weight of the bacteria during the same period. Thus, in C. fascians after 56 d starvation there is a 2276 loss in carbon as respired CO, and released waste products, while the dry weight of the bacteria for the same period shows a 15 oh loss. This organism converts intracellular carbon to CO, at the constant rate of 0-02 "6 h-l and would, therefore, utilize 50 of its carbon in 105 d. This slow self-consumption is a direct result of the low basal endogenous respiration rate of these organisms. Inherent in this low rate is a highly regulated degradative activity on various intracellular constituents. The control of such activity is an important factor for the physiological basis of resistance to death by starvation.
Neither the loss nor retention of viability of the coryneform bacteria has been directly correlated to the utilization of any particular intracellular constituent for the limits of starvation reported here. Such results are similar to those for A . crystallopoietes (Boylen & Ensign, 19706) and N . corallina (Robertson & Batt, 1973) . In view of the similarities in the retention of viability shown by these organisms, the differences observed in the rates of degradation of various macromolecules are probably not significant.
Except for more rapid rates of macromolecular degradation early in starvation, degradation proceeds slowly during the extended starvation periods. Slow consumption of polysaccharide is probably related to the minimal endogenous metabolic activity observed during this time. The slow degradation of protein and RNA can be correlated with the gradual disappearance of ribosomes from the cytoplasm (Fig. 3) . The retention of high intracellular levels of Mg2+ affects ribosomal stability (K-ennell & Kotoulas, 1967) as well as suppressing RNA degradation (Dawes, 1976) . A correlation between Mg2+ and RNA content can be seen in the present study. After 28 d starvation, A . nicotianae retained 79% of its internal Mg2+ and 75 % of its RNA. Brevibacteriurn linens retained only 18 and 48 o/, respectively. Culture viability after this time was approximately two-fold greater for A . nicotianae than for B. linens.
Many common soil micro-organisms, such as the bacilli, clostridia, azotobacters and
